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Aging of freshly isolated thylakoid membranes from spinach leaves (Spinacia oleracea
L.) leads to dramatic alterations in both the cytochrome (£559 (HP) andy") composition
and pigment (chlorophylls a and b and /J-carotene) content. These changes occur at
a faster rate under anaerobic conditions or after heating thylakoid membranes, and in
light as well as in darkness. In addition, when thylakoid membranes are heated at
78°C for 8 min, or incubated in the presence of an emulsion of linoleic acid, a huge
decrease in both cytochrome (particularly cyt. £559 (HP)) and pigment contents occur.
Whatever the experimental conditions, cytochrome 4559 (Hp) destruction occurs as
soon the aging process starts. Conversely, pigment bleaching is detectable after an
initial lag phase of about 60-70 min. Then, the two processes (cytochrome breakdown
and bleaching of pigments) appear to take place in parallel. The addition of salicyl-
hydroxamic acid or 8-hydroxy-quinoline, two radical scavenger components, to the aging
medium strongly reduces the rate and extent of cytochrome breakdown and pigment
bleaching.
On the basis of these results, a tentative scheme accounting for the bleaching of
pigments and the breakdown of cytochromes during aging in vitro of thylakoid
membranes is proposed. It is suggested that these changes are mediated via a non-
enzymatic mechanism in which free radicals could be implicated. The possible role of
free radicals inducing ultrastructural changes at the level of chloroplast membranes in
senescent leaves is also considered.
Key words: Aging — Cytochrome breakdown — Free radical — Pigment bleaching
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Aging of isolated chloroplasts is known to cause severe impairements in both physiological
functions and ultrastructural organization of thylakoid membranes. The most striking deterio-
ration in the physiological functions are the irreversible decrease in cyclic and non-cyclic ATP
synthesis, NADP+ photoreduction, apparent O2 evolution and proton pump activities
(Siegenthaler 1969, Siegenthaler and Depery 1977).
Beside these functional alterations, aging of isolated chloroplasts results also in structural
changes of the photosynthetic membrane. There is a general swelling accompanied by a lack
of light-induced shrinkage of thylakoids (Siegenthaler 1968, 1972) and a decrease in the number
Abbreviations: /J-car., /3-carotene; chl a, chlorophyll a; chl b, chlorophyll b; 6559 <HP). high potential form of
cytochrome A559; 8-OH-Q, 8-hydroxy-quinoline; SHAM, salicylhydroxamic acid; RO', alkoxy radical of unsatu-
rated fatty acids; ROO, peroxy radical of unsaturated fatty acids, ROOH, hydroperoxide of unsaturated fatty acids.
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of the chlorophyll protein bands concomitant with changes in the acyl composition (Henry et al.
1982). Aged chloroplasts undergo a breakdown of their endogenous lipids resulting in the
release of large amounts of free unsaturated fatty acids (Constantopoulos and Kenyon 1968,
Hoshina et al. 1975, Siegenthaler and Rawyler 1977). Furthermore, upon illumination,
aged chloroplasts undergo peroxidative processes (Heath and Packer 1968, Hoshina et al.
1975).
Aging of thylakoid membranes is also characterized by a decrease in the intensity of chloro-
phyll a fluorescence concomitant with an alteration in the photosystem II activity (Fragata 1975),
as well as by a pigment bleaching. In this respect, it has been suggested that the chlorophyll
bleaching occurring during the in vitro aging of chloroplasts from barley leaves is dependent on
a protein called "chlorophyll oxidase", the activity of which could be due to the disorganization
of thylakoid membranes taking place in the course of aging (Martinoia et al. 1982, Luthy et al.
1984, Thomas et al. 1985).
Recently, it has been shown that thylakoid membranes aged in vitro for several hours display
a dramatic decrease in the content of the high potential form of cytochrome 6559 (Dupont and
Siegenthaler 1985). These authors have suggested that the destruction of this cytochrome could
explain, at least in part, the loss of oxygen evolution and of electron flow through photosystem II
observed during aging in vitro of spinach thylakoids (Siegenthaler 1969, 1972).
In the present study, the breakdown of cytochromes and the bleaching of pigments in
thylakoid membranes were investigated during aging under well-controlled conditions in order
to find out the relationship, if it exists, between these two degradative processes.
Results show that (1) these two processes occurred under both aerobic and strictly anaerobic
conditions and (2) there was no experimental evidence for the involvement of a protein as
previously suggested by Martinoia et al. (1982), Liithy et al. (1984) and Thomas et al. (1985).
In order to determine the involvement of free radicals in these processes, the effect of radical
scavengers such as salicylhydroxamic acid and 8-hydroxyquinoline (Dupont 1983, Rustin et al.
1984) were examined. The results will be compared with the events taking place in senescent
leaves.
Materials and Methods
Biological materials—Chloroplast thylakoid membranes were isolated from spinach leaves
(Spinacia oleracea L.) obtained from a local market as previously described (Dupont and
Siegenthaler 1985), suspended in 10 mM phosphate buffer (pH 7.2) and adjusted to about 70
to 80 /xg chlorophyll (a + b) -ml-1.
Aging process—Thylakoid membranes were aged at room temperature (20-25°C) in an
aerated, magnetically-stirred medium consisting of 10 mM phosphate buffer (pH 7.2). The
chlorophyll concentration varied but never exceeded 80 fig-ml-1. At intervals, aliquots were
used for cytochrome and pigment analysis.
Spectrophotometric studies—Changes in the pigment and cytochrome contents were recorded
at room temperature with an Aminco DW 2A recording spectrophotometer using a 3 nm
bandpath.
Qualitative and quantitative changes in pigments were followed by difference spectro-
photometry between two thylakoid membrane suspensions at the same dilution, the aged one in
the sample compartment, and the other one from the original thylakoid membrane suspension
kept in ice and dark in the reference compartment. The resulting treated minus control difference
spectra presented negative peaks located in the blue and red regions of the spectrum. Changes
occurring in the red region of the spectrum (646 nm and 678 nm) originated from various forms
of chlorophyll b and a, respectively, as shown by Brody (1983). The spectral changes at 430 nm,
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456 nm and 489 nm were ascribed to various carotenes (Yamashita et al. 1969, Dupont et al.
1982a, b, Brody 1983).
Total cytochromes (6559 (HP)+6S63+ / ) were determined at 561 nm in a dithionite-reduced
minus ferricyanide oxidized spectrum. Cytochrome f and the high potential form of cytochrome
A559 were determined at 554 nm and 559 nm, respectively, from a hydroquinone-reduced minus
ferricyanide oxidized difference spectrum. Calculations and difference extinction coefficients
were given in the first paper of this series (Dupont and Siegenthaler 1985).
Total chlorophylls and /S-carotene were determined without prior extraction of the pigments.
The extinction coefficients, calculated in these conditions, were 52 mM-'xm-1 (at 678 nm) and
56 mM^-cm"1 (at 646 nm) for chlorophylls a and b, respectively, and 85 mM-'-cm"1 (at 489 nm)
for /^-carotene. This rapid and accurate method for estimating the pigment contents of thylakoid
membranes presented the advantage of avoiding several extraction operations, thus eliminating
sampling errors, and measuring within the same biological sample not only the pigment but the
cytochrome contents.
Lipoxygenase activity—Lipoxygenase activity was assayed from an acetone-extracted thylakoid
preparation to rule out a possible inhibition of the activity by chlorophylls (Cohen et al. 1984).
The rationale of such an assay has been reported elsewhere (Rustin et al. 1982). An assay with
an acetone-treated purified soybean lipoxygenase (Type I- from Sigma) was run in parallel as
a control.
Resul ts
Changes in cytochrome bssg (HP) and pigment contents under aerobic and anaerobic conditions—Table 1
shows that under aerobic conditions aging in vitro resulted in a decrease in the content of cyto-
chrome 6559 (HP). In this experiment, only 47% of the initial content of this cytochrome was
detected in 100 min-aged thylakoid membranes. During the same time, 11% and 4% of /?-
carotene and chlorophyll a were bleached, respectively. Table 1 shows also that a more
pronounced decrease in the content of cytochrome 6559 (HP) occurred under anaerobic than
under aerobic conditions. Thus, more than 76% of the initial content of cytochrome 6559 (HP)
was destroyed when aging proceeded in the absence of oxygen. In contrast, the extents of /?-
carotene and chlorophyll a bleaching were similar to those found in the air-saturated aging
medium. Whatever the experimental conditions (air-saturated or nitrogen-saturated media),
there was no decrease in absorbance at 646 nm, as could have been expected if chlorophyll b
would have been bleached (data not shown); Thus, under these mild experimental conditions,
Table 1 Effect of aerobic and anaerobic conditions on cytochrome and pigment contents during aging of thylakoid
membranes
lime
(min)
0
100
Cyt. A559
 (Hp)
0.17±0.02
0.08±0.01
Aerobic condition
/?-car.
14.9±2.3
13.3±1.7
Contents
Chi a
30 ±1.75
28.9±1.5
(nmolml"1)
Anaerobic condition
Cyt. A559 (HP)
O.17±O.O2
0.04±0.02
/J-car.
14.9±2.3
13.6±1.7
Chi
30±l
29±1
a
.75
.3
Quantitative estimation of cyt. A559 (Hp) and bleaching of pigments were carried out as described under Materials
and Methods. Aerobic conditions refer to an aerated magnetically-stirred O2 saturated medium. Anaerobic
conditions refer to a magnetically-stirred medium in a hermetically closed vessel, saturated with N2. The values
given represent the mean±SD of 3 independent experiments.
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Fig. 1 Effect of dim light or darkness on cytochrome
A559 (HP) content and ^-carotene bleaching in thylakoid
membranes during aging. The aging process was
carried out in an aerated medium. At 0 time,
thylakoid membranes corresponded to 66 fig chloro-
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chlorophyll b appeared more resistant toward aging than the other pigments, in agreement with
other reports (Huber and Newman 1976, Brody 1983).
Influence of dim light or darkness on cytochrome and pigment contents—To obtain more informations
on the mechanism(s) involved in the breakdown of cytochrome A559 <HP) and pigment bleaching,
the effect of aging was compared under light and dark conditions (Fig. 1). Results were similar
under a wide range of light intensities (total energy from 40 W-cm~2 to 150W-cm-2). It is
noteworthy that cytochrome £559 (HPJ and ^-carotene were destroyed under both dark and light
conditions. Although light did not affect significantly the extent of cytochrome 6559 (Hpj after
an aging process of 300 min, it increased the rate and extent of ^ -carotene bleaching. Moreover,
upon illumination the initial lag phase was shortened. Chlorophyll a was affected in a similar
fashion under these aging conditions (data not shown). These results may suggest that cyto-
chrome breakdown and pigment bleaching may be two related processes and that light would
not be a prerequisite for the bleaching process.
Effect ofdithionite on the dark system—In 1977 and 1978, Peiser and Yang reported that partially
purified chlorophylls from spinach leaves were rapidly destroyed in vitro in the presence of
bisulfite and linoleic acid hydroperoxide. In addition, there was no oxygen requirement. These
authors suggested that the alkoxy radical which was formed from the reaction between ROOH
and bisulfite was responsible for the destruction of chlorophylls through a free radical mechanism.
To investigate the possible involvement of endogenous free radicals during aging in vitro of
thylakoid membranes, the effects of an exogenous source of free radicals on the rates and extents
of pigment and cytochrome breakdown was tested. For this purpose, thylakoid membranes
were incubated in the dark and in the presence ofdithionite.
Table 2 shows that after 120 min of dark-aging in the presence ofdithionite, there were
6.5 times more /S-carotene, 36 times more chlorophyll a and 2 times more total cytochromes
destroyed than in the control nitrogen-medium. Rather similar results were obtained when
thylakoid membranes were incubated in dim light (data not shown). At the end of the incu-
bation, and in the presence ofdithionite, 50%, 53% and 54% of the initial content in /3-carotene,
chlorophyll a and total cytochromes were respectively broken down, whereas only 7.5%, 1.5%
and 21% of these compounds were destroyed in the control samples. Another feature is that
under the dithionite conditions, 23% of the initial content in chlorophyll b was bleached. After
17 hours of aging, more severe impairements in the pigment and cytochrome components were
observed (results not shown): 83% of ^-carotene, 81% of chlorophyll a, 55% of chlorophyll b
and 78% of total cytochrome disappeared in the dithionite medium. Altogether, these data
strongly point to a close relationship between the extent of bleaching of pigments and cytochrome
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Table 2 Effect of dithionite on pigment bleaching and on total cytochrome breakdown during aging of thylakoid
membranes
Medium ^-carotene Chi a
(nmolml"1)
Chi 4 Total cytochromes
Nitrogen 1.4 0.7 0.11
Dithionite 9.3 25.2 7.5 0.22
Quantitative estimation of total cytochromes was carried out as described in Materials and Methods. Changes are
expressed as chlorophylls and ^-carotene bleached, and cytochromes destroyed after 120 min of aging in darkness.
The nitrogen medium refers to a magnetically-stirred, N2-saturated medium in a hermetically closed vessel. Dithionite
medium was made after addition of a few crystals at the beginning of the incubation. The vial containing the aging
medium was introduced in a closed vessel with water saturated with dithionite. In this condition, the vessel was
free-oxygen atmosphere. At 0 time, thylakoid membranes corresponded to 18.7 nmolml"1 ^-carotene, 48 nmolml"1
chlorophyll a, 32.5 nmolml"1 chlorophyll b and 0.41 nmolml"1 total cytochromes (f-\-b-type cytochromes).
breakdown. Moreover, and above all, these experiments suggest a possible involvement of free
radicals in these two degradative processes. In order to test this hypothesis we have used exoge-
nous radical scavengers with thylakoid preparations submitted to aging.
Effect of exogenous radical scavengers—Fig. 2 shows that an addition of SHAM or 8-OH-Q_ to
the thylakoid membrane suspension stirred under aerated condition caused a drastic inhibition
of both chlorophyll a and /?-carotene bleaching. In addition, it is seen that the effect of these
radical scavengers increased as a function of incubation time. The behavior of these inhibitors
was similar on the breakdown of the total cytochrome (Table 3). In addition, these radical
scavengers caused similar inhibitory effects under both aerobic and anaerobic conditions (data
not shown).
All these data strongly suggest that the mechanism(s) which control cytochrome breakdown
and pigment bleaching may share a common step which is affected by the same types of radical
scavengers.
0 50 150 250 0 50 150 250
incubation time (mini
Fig. 2 Effect of radical scavengers on pigment bleaching during aging of thylakoid membranes. Aging was
carried out as a function of time, in the presence or absence of SHAM and 8-OH-Q.in dim light (40 W-cm"2) and
under aerated conditions. At 0 time, thylakoid membranes contained 36 nmol-ml"1 and 15 nmol-ml"1 of chlorophyll
a and /J-carotene, respectively.
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Effect of temperature or added linoleic acid emulsion—When heat-treated thylakoid membranes
were submitted to aging in vitro, the rates and extents of degradation of both cytochrome
A559 (HP) and cytochrome / were much faster than those of the controls (Fig. 3A, B). For ex-
ample, after 60 min of aging, roughly 98% of the initial content of cytochrome 6559 (HP) was
destroyed in treated thylakoid membranes compared to only 28% in the control (Fig. 3A).
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Fig. 3 Effect of temperature (A, B and C) or exogenous linoleic acid emulsion (D, E and F) on cyt. i55a <HP> ( A
and D), cy t . / (B and E) contents and /3-carotene bleaching (C and F) in thylakoid membranes during aging in
vitro. (A, B and C): Prior to the aging process, fresh thylakoid membranes were heated at 78°C for 8 min.
Aging was carried out in an aerated medium in dim light (40 W-cm~2). At 0 time, thylakoid membranes correspond-
ed to 0.31 nmol cyt. A559
 (HP)-ml-1, 0.12 nmol cyt./-ml-1 and 15 /jg ^-carotene-mi"1. (D, E and F): Linoleic acid
emulsion (0.21 /JM) was added in the aging medium as an emulsion (Dupont et al. 1982a). At 0 time, cytochrome
and pigment contents were the same as in A, B and C.
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Table 3 Effect of radical scavengers on cytochrome breakdown during aging of
thylakoid membranes
Inhibitor
None
+SHAM (5 mM)
+8-OH-Q. (5 mM)
Total cytochrome
(nmolml"1)
0.16
0.11
0.10
broken down
(%)
53
36
33
Quantitative estimation of total cytochromes was carried out as described in
Materials and Methods. Aging was performed in the absence or presence of radical
scavengers in dim light, corresponding to 40 W-cm~2, during HOmin and under
aerated conditions. Total remaining cytochromes were determined, at the end of
the aging process, from room temperature difference spectra (dithionite anaerobic
minus aerobic) as described by Dupont and Siegenthaler (1985). The amount of
broken down cytochrome was calculated by comparison with that initially present
in the thylakoid membranes (0.30 nmolml"1 (/+6-type) cytochromes). Percent
values correspond to percent broken down compared to the control membranes at
0 time,
Similar behavior was observed with cyt. f. After 68 min of aging, about 81% of the initial
content of this cytochrome was destroyed in heat-treated thylakoid membranes compared to
only 7.5% in the control (Fig. 3B). Interestingly, similar observations were made for the
bleaching of ^-carotene (Fig. 3C) and chlorophyll a (data not shown). In temperature-treated
thylakoid membranes, the ^-carotene content decreased immediately after the onset of aging
whereas in the control sample the bleaching started only after an initial lag phase of about one
hour (Fig. 3C). From this, one can conclude that the bleaching of /S-carotene (and chlorophyll
a) and the breakdown of cytochromes 6559 <HP) and f are not under the control of a heat-labile
factor. Rather, heat treatment enhanced considerably, and with a faster rate than in the
controls, the breakdown of cytochromes and the bleaching of pigments.
The effects of an emulsion of linoleic acid on the extent of both the breakdown of cyto-
chromes A559 (HP) and f and the bleaching of /3-carotene are shown in figures 3D, E and F.
An addition of a low amount of the emulsion of the unsaturated fatty acid (0.2 /M) increased the
rate but not the extent of cytochrome 6559 <HP) breakdown. For example, in thylakoid
membranes aged for 5 hours, the extents of the breakdown of cytochrome 6559 (HP) were similar
in both treated and control membranes. Roughly, 90% of the initial content had disappeared
during this period of time (Fig. 3D). In contrast, the rate and extent of cyt./breakdown were
not enhanced in the presence of an identical concentration of the same emulsion of linoleic acid
(Fig. 3E). This contrasts with the effects of a heat treatment of the thylakoid membranes on
cyt./(see Fig. 3B). After an initial lag period of 60 min there was, in the linoleic acid-treated
thylakoid membranes, a decrease of the /^-carotene content which was complete after 5 hours of
incubation compared to 69% in the control (Fig. 3F).
Discussion
The purpose of this discussion is to elucidate the mechanisms by which cytochromes and
pigments are destroyed during aging in vitro. Our results clearly show that (1) bleaching of
pigments and cytochrome breakdown are obviously two related phenomena, probably sharing
some common step(s); (2) these changes occur in the light as well as in darkness, and under
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aerobic or anaerobic conditions; (3) it is likely that these changes are not under the control of
a thylakoid-bound enzyme; (4) scavengers of free radicals strongly slow down the decrease in
both cytochrome and pigment contents.
In this investigation we show that the pigment bleaching which occurs during aging in vitro
of thylakoid membranes is mainly due to ^-carotene and chlorophyll a. The content of chloro-
phyll b remains rather constant during this process, except when thylakoid membranes are
submitted to dithionite treatment (cf. Table 2). A preferential decrease in /9-carotene and
chlorophyll a contents appear to be a general characteristic of senescence in green tissues (Huber
and Newman 1976, Jenkins et al. 1981, Woolhouse 1984). Moreover, it has been reported to
occur as a consequence of herbicide treatment in Scenedesmus cells (Van Rensen 1975), of y-
irradiation with Pisum sativum seeds (Merzlyak et al. 1984), of ozone fumigation in the light with
spinach leaves (Sakaki et al. 1983) and of illumination in isolated chloroplasts upon illumination
(Heath and Packer 1968).
The causes of pigment bleaching during aging in vitro of thylakoid membranes are
controversial. In barley chloroplasts, Martinoia et al. (1982) and Liithy et al. (1984) have
suggested that two distinct enzymes (a peroxidase and a "chlorophyll oxidase) are directly
involved in the bleaching of pigments. These enzymes which are tightly bound to the thylakoid
membranes could be activated as a consequence of alterations in the structure of the photo-
chemical apparatus. The bleaching activity geared by this "chlorophyll oxidase" is strictly
oxygen-dependent and requires the presence of added linoleic acid (as an emulsion) or other
unsaturated fatty acids (Liithy et al. 1984). A boiled preparation of thylakoid membranes does
not exhibit any bleaching activity (Martinoia et al. 1982).
The present study suggest an opposite (but not an exclusive) view. It is likely that the
changes in pigments and cytochromes occurring during aging in vitro of thylakoid membranes
are the result of a non-enzymatic process. This concept is based upon the observation that the
rate and extents of aging-induced alterations of both pigments and cytochromes increase (but
are not prevented) by a pretreatment of thylakoid membranes at 78°C for 8 min (see Fig. 3A,
B and C). Quite obviously, if a heat labile factor had been involved in the deteriorative process,
no (or only small changes) would have been detected in heat-treated membranes (Dupont et al.
1982a). Thus, it is unlikely that a putative "chlorophyll oxidase" is involved in the degradatiye
changes related to aging of thylakoid membranes from spinach leaves. This is further
strengthened by the observation that the deteriorative changes were not strictly dependent on
oxygen (see Table 1) as expected if a "chlorophyll oxidase" was involved.
However, this interpretation a priori does not rule out the possibility that lipoxygenase is
involved in the bleaching process. Lipoxygenase activity has been detected in plastid fractions
(Douillard 1971) and is known to be involved in the bleaching of chlorophyll a and ^-carotene
(Imamura and Shimizu 1974, Weber and Grosch 1976, Ikediobi and Snyder 1977, Grossman
et al. 1984). But unfortunately we failed to find any detectable lipoxygenase activity in thylakoid
membranes from spinach leaves. The difference between our results and those reported by
Douillard (1971) is due to the method used to measure lipoxygenase activity. Our assay is
based on the enzymic determination of linoleic acid disappearance (substrate of the enzyme
lipoxygenase) through the measurement of stoichiometric O2 uptake in an O2 electrode cell
(Rustinetal. 1982), whereas Douillard (1971) estimated the activity by following the consumption
of O2. This polarographic method has been shown to be inaccurate and to reflect, at least in
part, an unspecific oxidation of hydroperoxides in the presence of membrane cytochromes
(Dupont et al. 1982a). Thus the hypothesis that this enzyme is involved in chlorophyll a and
/3-carotene bleaching during aging in vitro of thylakoid membranes can be rejected. This fits
well with the fact that pigment bleaching as well as cytochrome breakdown take place in heat-
treated thylakoid membranes (see Fig. 3A, B and C).
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Another argument in favor of a non-enzymatic mechanism in pigment bleaching and cyto-
chrome breakdown is brought about by the effects of SHAM and 8-OH-Q,. These compounds
are strong inhibitors of these two processes (see Fig. 2 and Table 2). These inhibitors presumably
act as radicals complexing radicalar forms of the biological targets (Russell 1959, Ingold 1961,
Walling 1963, Rabek and Ranby 1978, Dupont 1983), namely radicals of unsaturated fatty acids
(R-) or alkoxy radicals of unsaturated fatty acids (RO), thus preventing their further reactivity
(Klein et al. 1984). This proposal is further strengthened by the effect of added linoleic acid
emulsion on the rates of cytochrome 6559 <HP) and ^-carotene breakdown (see Fig. 3D and F).
The non-deleterious effect of exogenous linoleic acid emulsion on cyt./" (see Fig. 3E), compared
to the control, could be due to a non-accessibility of the unsaturated fatty acid (or of its radicalar
form) to the cytochrome haem group as a consequence of an internal location of this cytochrome
in normally oriented thylakoid membranes (Cox and Andersson 1981, Anderson et al. 1985).
As previously shown (Dupont et al. 1982a), such linoleic acid emulsions inevitably contain low
amounts of the unsaturated fatty acid hydroperoxide (ROOH) and presumably traces of radicals
R' which are precursors for the oxidized forms (RO" and ROO") of unsaturated fatty acids
(RH) (Egmond et al. 1973, Galliard and Chan 1980). This could explain why an addition of
linoleic acid containing low amounts of radicals increases the rates and extents of/S-carotene and
chlorophyll a bleaching and cyt. 6559 (HP> breakdown (Fig. 3D, F). In addition, the dramatic
disorganization in the structure and function of the thylakoid membrane caused by the pene-
tration of low amounts of exogenous unsaturated fatty acids into the hydrophobic core of the
thylakoid membrane is well established (Siegenthaler 1972, Okamoto and Kato 1977a, Okamoto
etal. 1977b).
Another convincing argument in favor a probable involvement of a free radical mechanism
in the cytochrome destruction and pigment bleaching processes is supported by the experiments
carried out in the presence of dithionite. Together with its well known reducing properties,
dithionite also acts as a producer of free radical compounds (G. Dodin, personnal communi-
cation). In this context, dithionite mimicks bisulfite by producing radicals which would react
with chlorophylls (a and b) (and /S-carotene) in a one-electron oxidation step leading to an
accumulation of irreversible oxidation products (Peiser and Yang 1978). On the other hand, it
is well known that, in the presence of peroxides, cytochromes may be degraded by opening of the
tetrapyrolle ring, loss of the a-methene carbone with consequent loss of iron and catalytic activity
(Falk 1964, Brown and Jones 1968).
Recently, Dupont and Siegenthaler (1985) reported that cyt. 6559 (HP> and cyt./"present
a differential sensitivity towards the aging process. Cyt. f appeared more resistant than the
other hemoprotein except after a heat-treatment of the thylakoid membrane suspension (cf.
Fig. 3B). This observation suggests that, due to a deep disorganization of the lipoprotein
complexes of the thylakoid membranes, the haem group of cyt./which is well "buried" in the
lipid matrix (Mansfield and Bendall 1984, Ortiz and Malkin 1985) may be more susceptible to
free radical attack than in thylakoid membranes which have not been submitted to a heat-
treatment.
In the light of our results we propose that the formation, and the subsequent accumulation,
of free radicals is the main factor involved in the destruction of cytochromes and pigments in
aged-thylakoid membranes. This proposal is in agreement with reports by Peiser and Yang
(1977, 1978), Takahama (1983) and Kato and Shimizu (1985). In that respect, it is noteworthy
that allomerization of chlorophylls a and b proceeds via a free radical mechanism (Hynninen
1981, Merzliak and Koorighnih 1984). Although no attempt was. made to characterize the
products of /S-carotene and chlorophylls breakdown, the fact that the specific absorption of the
pigments decreased greatly throughout the visible range without the formation of new peaks,
suggests that these pigments were rapidly converted into colorless products.
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Finally, the observation that bleaching of pigments and destruction of cytochromes occur
independently under aerobic and anaerobic conditions, and in both light and darkness, may
suggest a random attack by free radicals. The reaction sequence of this process as well as the
identity of these radicals remain to be elucidated and are currently under investigation. Indeed
it could be a clue to explain the ultrastructural changes of chloroplasts of senescent (Mittelheuser
and Van Steveninck 1971, Huber and Newman 1976, Jenkins et al. 1981, Martinoia et al. 1983,
Woolhouse 1984) and kinetin-treated leaves (Mittelheuser and Van Stevenink 1971,
Venkatarayappa et al. 1984). Overall, it is now an evidence that tissues senescence is a conse-
quence of cumulative membrane deterioration due to increasing level of lipid peroxidation
(Dhindsa et al. 1981, Lynch and Thompson 1984) and free radicals (Lynch and Thompson 1984).
We wish to express our gratitude to Prof. G. Dodin, University of Paris VII (Paris) for his many helpful dis-
cussions and comments on the mechanistic of free radicals. The authors express their thanks to Dr. P. Rustin for
constructive discussions.
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